The third CH stretching vibration overtone (4ν CH ) of the acetylene molecule has been a prototype for intra-molecular dynamics studies. Using a sensitive cavity ring-down spectrometer calibrated with precise atomic transitions, the absolute line frequencies of 50 lines of this band have been determined with sub-MHz accuracy, or relatively 2 × 10 −9 . The accuracy is also confirmed by the combination differences between the transitions sharing the same upper level. The improved accuracy, two orders of magnitude better than previous studies, allows us to reveal finer ro-vibrational couplings. Fitting of the rotational energies indicates that the J-dependent interactions take place after J > 7. The precise line positions present useful confinements to the models of the intra-molecular interactions of the acetylene molecule.
I. INTRODUCTION
Acetylene has been a prototypical molecule in chemical dynamics studies of intra-molecular processes. 1, 2 C 2 H 2 is also of great interest because of its presence in the terrestrial troposphere, planetary atmosphere, and interstellar medium. 3 Rich spectra from the THz region to the ultra-violet have been reported. Overviews of the ro-vibrational spectroscopy of acetylene in its electronic ground state can be found in Refs. [4] [5] [6] . The (ν 1 + 3ν 3 ) band near 789 nm carries most of the infrared brightness of the 4ν CH manifold, and has been intensively studied. Here, ν 1 and ν 3 denote the symmetric and anti-symmetric CH stretching vibration normal modes, respectively. High-resolution absorption spectroscopy studies have been carried out with Fourier-transform infrared, 7, 8 photoacoustic, 8, 9 frequency-modulated, 10 multipass laser absorption, [11] [12] [13] [14] and intra-cavity laser absorption spectroscopy. 15, 16 Using a molecular beam and a high electric field (>300 kV/cm), Barnes et al. recorded the Stark split spectrum of the (ν 1 + 3ν 3 ) band. 17 Laser-induced dispersed vibration-rotation fluorescence spectra from the 4ν CH manifold have also been reported by Metsälä et al. 18 The line positions, 7, 9, 15 intensities, 8, 12, 16 collision-induced line shifts and broadening, [10] [11] [12] [13] [14] and the ro-vibrational energy transfer mechanism 2, 18-20 have been studied. The most precise transition frequencies of 12 C 2 H 2 up to date have been reported by Edwards et al. using a femtosecond frequency comb. Forty-one lines of the (ν 1 + ν 3 ) combination band of 12 C 2 H 2 in the 1520−1545 nm region with the accuracy of a few kHz were obtained from the Dopplerfree spectrum. 21 However, it is often too complicated to conduct Doppler-free measurement, especially for weak overtone transitions. Since the Doppler broadened profile remains symmetric, in principle, it is possible to retrieve a precise line center from a well measured line profile. We have shown that sub-MHz accuracy can be achieved from a well-determined absorption line profile using a cavity ring-down spectrometer combined with a well-calibrated and thermal-stabilized Fabry-Pérot interferometer. 22, 23 The method can be applied to generate a large set of precise transition frequencies of atoms and molecules as secondary frequency standards over a wide spectral range. Furthermore, accurate line positions will provide a finer view of the molecular energy levels, which will lead to a better understanding of the intra-molecular interactions and resonances. In this work, we present a study of the (ν 1 + 3ν 3 ) band of 12 C 2 H 2 in the 12 602−12 718 cm
region with sub-MHz precision. Investigation of the ground state combination differences confirms that the accuracy of upper level energies is about 2 × 10 −5 cm −1 , which is over one hundred times better than previous studies. The improved precision also allows us to examine the local J-dependent resonances, which have been considered to play a key role in the ro-vibrational energy transfer.
II. EXPERIMENTAL
The experimental setup has been presented previously. 23, 24 In brief, a CW tunable Ti:sapphire laser (Coherent 899-21) beam is carefully coupled into a 1.4 m long resonance cavity. The cavity mirrors have a reflectivity of 99.995% and one of the two mirrors is mounted on a piezoelectric actuator. The piezoelectric actuator is driven with a triangle wave from a function generator. Once the cavity mode is on resonance with the laser and the light power inside the cavity has been built up, an accousto-optic modulator will block the laser beam and initiate a ring-down event. The Ti:sapphire laser is run in a step-scan mode controlled by a personal computer. At each step, typically about 100 ring-down events are recorded with a fast digitizer. A fitting program is applied to fit the exponentially decay curve to derive the decay time τ . The sample absorption coefficient can be determined from where c is the speed of light, ν is the laser frequency, L is the length of the cavity, and R is the reflectivity of the cavity mirror.
Precise calibration is accomplished by using the longitudinal modes of a thermo-stabilized Fabry-Pérot interferometer (FPI) built with ultra-low-expansion (ULE) glass. The transmittance peaks of the ULE-FPI, with an interval of 1497.0292 MHz, have been precisely calibrated by the Rb lines references at 780 nm 26 and 795 nm. 27 The absolute frequencies of the ULE-FPI peaks have been determined with an accuracy varying from 0.1 to 0.6 MHz in the 775−800 nm region and the day-to-day frequency drift is below 0.1 MHz. 23 The ν 1 + 3ν 3 band transitions of 12 C 2 H 2 in the region of 786−793 nm are recorded at a room temperature of 296.5 ± 0.5 K. The noise-equivalent minimal detectable absorption loss (α MDAL ) was about 2 × 10 −10 cm −1 . The acetylene sample has a stated purity of 99.5% and was purified with the "freeze-pump-thaw" method before use. Typically, a pure acetylene sample at 5 Pa was used in the measurements. According to the results given by Herregodts et al., the self-pressure broadening and pressure shift coefficients are on the order of 0.1 cm −1 /atm and −0.01 cm −1 /atm, respectively. 11, 12 Under the present experimental conditions, the pressure broadening and shift are neglected.
III. RESULTS AND DISCUSSION
In total, 50 lines of the (ν 1 + 3ν 3 ) band of 12 C 2 H 2 have been recorded. Table I . In order to verify the accuracy of the obtained line positions, ground state combination differences from the P and R transitions also Table II ). *Transitions affected by nearby acetylene lines or water lines. The position may have deviation larger than the statistical value and has not been used to determine the upper level energy. 21 The averaged combination difference is only 1.4 × 10 −5 cm −1 , and coincides with the estimated experimental uncertainty. A few transitions (marked with "*" in Table I ) are affected by nearby acetylene transitions or water lines. As a result, these line positions may have a systematic deviation, which can reach up to 2 × 10 −4 cm −1 . These lines are excluded from the determination of the upper energy levels.
The band is labeled as ν 1 + 3ν 3 
where G v is the vibrational term, B v , D v , and H v are rotational and centrifugal distortion constants. The ro-vibrational constants can be derived from a fit of the energies given in Table I . Because the J > 16 energy levels are perturbed, only the levels of J ≤ 16 are included in the fit and the resulted spectroscopic parameters are given in Table II ( Table II were used in the calculation. Note for the J = 17 and J = 18 doublets, deviations of both interacting levels are shown here.
energies of the rotational levels of the (1030 0 0 0 ) state can be calculated with these parameters and the deviations between the calculated and observed energies are shown in Fig. 2 .
As shown in Fig. 2 , there is a systematic deviation of the J > 20 levels of the (1030 0 0 0 ) state, which has been interpreted by Zhan and Halonen 9 as due to a Coriolis resonance with a u vibrational state at 12 671.5 cm −1 (the (0040 0 0 0 ) state). The well-known splits of the J = 17 and J = 18 levels were first reported by Smith and Winn, 7 and later attracted more studies. 8, 9, 11, 12, 15, 20 In our spectrum recorded under very low sample pressures, the doublets are well resolved and the R(16) and R(17) lines are shown in Fig. 1 . The concomitant levels of the doublets are also marked in the same figure. The energies of the upper levels are calculated using the ground state levels 21 and the line positions given in Table I Table II , we can determine the energy of the perturber level (dark state) and the off-diagonal interaction matrix element. The respective results for the J = 17 and J = 18 levels are presented in Table III .
As shown in Table II , the accuracy of the ro-vibrational line positions calculated from the "c" set of parameters has improved an order of magnitude over previous studies, but is still almost two orders of magnitude worse than the experimental accuracy. The inset of Fig. 2 shows an enlarged view of the deviations between the observed and calculated energies for J = 2−14 levels. Apparently, the deviations of the J ≤ 7 levels have a regular dependence on the J value, while irregular trend of the deviations for J > 7 levels indicates that there are perturbations, which have not been found before. At least two local resonances occur at J = 8 and J = 12, respectively. Payne et al. have revealed through IR-UV double resonance spectroscopy that the J = 12 level is a "gateway" for the anomalous odd-J rotational energy transfer and have concluded that there are intra-molecular ro-vibrational energy transfer channels at J = 12 level of the (1030 0 0 0 ) state. 19, 20 The local perturbation at J = 12 revealed here agrees well with such statement. The perturbations starting at the J = 8 level can be more easily identified from Fig. 3 . The figure shows the absolute deviations between the observed and calculated energies but the "d" set of parameters shown in Table II are used in the calculation. These spectroscopic parameters are determined from a fit of the J ≤ 7 energy levels. The mean deviation of the fit is 2.5 × 10 −5 cm −1 , consistent with the experimental uncertainty, which is indicated by a dashed line in Fig. 3 . A large jump in the deviation occurs at J = 8, from 10 −5 cm −1 to 10 −3 cm −1 . It provides a definite proof of the existence of perturbations starting from here, which have been masked in previous studies with lower spectral precision. At present stage, we cannot give a conclusive interpretation of the resonances with a satisfied accuracy, because the obtained spectral results are still limited and the interactions involved here are rather complicated. A systematic investigation on the intra-molecular interactions will be carried out based on the precise spectroscopy of the ro-vibrational transitions over a broader spectral range.
IV. SUMMARY
In conclusion, the high-precision and high-sensitivity of the cavity ring-down spectrometer have allowed us to determine the absolute frequencies of 50 lines of the ν 1 + 3ν 3 band of 12 C 2 H 2 with 2 × 10 −5 cm −1 accuracy (relatively 2 ppb). These transitions can be applied as frequency references in the 786−793 nm region. The analysis presented in this work also gives an example that the precision spectroscopy in the frequency domain can provide an insight of the intra-molecular perturbations and coincides with the energy-transfer dynamics revealed from time-resolved studies. Although decisive assignments of the perturbers may need a systematic investigation of the vibration-rotation interactions in the molecule, the precise positions of ro-vibrational transitions provide a useful confinement on such studies.
